A detailed evaluation of surface climate and energy exchange at the snow surface in a small alpine watershed, typical of much of the southern Sierra Nevada, is presented for the 1986 water year. Measurements of snowfall, meteorological and snow cover conditions, and snow cover ablation, described in part 1 of this paper (Marks et al., this issue), are used to characterize the climate. Each form of energy transfer, radiation, sensible and latent heat flux, soil heat flux, and heat flux by mass advection, is evaluated separately to determine how its magnitude changes during the snow season. These are then combined to approximate a snow cover energy balance and determine the relative importance of each form of energy transfer in the seasonal energy and mass balance of the snow cover. Radiation and sensible and latent heat flux dominate the snow cover energy balance throughout the snow season. During snowmelt, radiation accounts for between 66 and 90% of the energy available for melt. Sensible and latent heat transfer during this time are of approximately equal magnitude but are usually of opposite sign and therefore cancel. Calculated sublimation during the entire snow season accounted for the loss of about 20% (approximately 50 cm snow water equivalent) of the mass of the snow cover. This experiment shows that energy and mass transfer can be adequately monitored at a remote site using a combination of measured and modeled parameters and that the energy balance of the snow cover in the alpine zone of the Sierra Nevada is dominated by net radiation during snowmelt.
INTRODUCTION
In part 1 of this paper [Marks et al., this issue] the detailed surface climate monitoring required for investigations of the snowpack energy balance and melting in remote alpine watersheds is presented. Snow metamorphism, melting, and runoff are controlled by the magnitude of energy available to drive these processes, and these energy fluxes are determined by the combination of local meteorological inputs of precipitation and energy. Detailed observations of snowpack energy fluxes in montane climates are limited. Most of those that do exist come from locations at lower elevations [Smith and Berg, 1982] , are from nonalpine locations [Anderson, to errors in each phase of the calculation is determined. The magnitude of each term in the energy balance is estimated through the snow season, and the sensitivity of this balance to errors in the exchange calculations is evaluated.
NET RADIATION AT THE SNOW SURFACE
The radiant energy flux, or net all-wave radiation, at a point is the incident spectral irradiance less spectral exitance integrated over all wavelengths'
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The irradiance term S $ includes direct and diffuse solar radiation and longwave radiation emitted from the atmosphere. Exitance S •' includes both reflected and emitted radiation from the surface.
Radiation is the only form of energy transfer that can be measured directly in the natural environment. Incident radiation can be reliably and accurately measured in broad wavelength band widths, using well established techniques and instrumentation [Monteith, 1973] . Under clear sky conditions the distribution of incident radiation can be modeled over complex alpine terrain for both solar [Dozier, !980] and thermal [Marks and Dozier, 1979] wavelength ranges, but under cloudy conditions, measurements are necessary because the separate contributions of direct and diffuse solar and emitted thermal radiation from the atmosphere and clouds are not easily predicted or modeled. At some sites, irradiance includes significant contributions from reflection and emission from adjacent terrain. At Emerald Lake, incident radiation is measured at two sites to calibrate the estimate of irradiance for terrain effects, atmospheric effects, and cloud cover. Parameters that cannot be reliably measured are modeled, and net radiation is calculated from a combination of measured and modeled parameters. Net radiation at the surface is separated into two solar and one thermal spectral bands. Snow albedo varies spectrally, but detailed spectral measurements of radiation at the snow surface are difficult under controlled conditions and not possible at a remote site. A spectral approach to modeling solar radiation [e.g., Dozier, 1980] will give an accurate result under clear skies, but it is complicated computationally and requires detailed information about the atmosphere and the snow surface that cannot be known when monitoring a remote site. Other investigators have taken a single-band, global approach to modeling solar radiation over remote alpine areas [Davies and Idso, !979; Munroe and Young, 1982; Olyphant, 1984] . This simplifies the calculation of net radiation so that it can be done at a remote site, but it ignores the distinct differences in the absorption and scattering properties of the snow surface in the visible and near-infrared wavelengths. Marshall and Warren [1987] point out that most general circulation models (GCMs) parameterize solar radiation into two wavelength bands and suggest that snow albedo can also be parameterized to reduce computational difficulties while retaining the important spectral features affecting net solar radiation at the snow surface. We use their approach to examine net solar radiation at the snow surface. Incident and reflected solar radiation are measured in two wavelength bands: visible (0.3-0.7/xm) and near-infrared (0.7-2.8
The Net solar radiation was computed from the modeled albedos and measured irradiances for the two representative sites in the Emerald Lake watershed. As shown in Table 1, near-infrared irradiance represents 53% of the total solar irradiance at the ridge site and 60% of the total solar irradiance at the lake site, but it represents 85% of the net solar input at the ridge site and 89% of the net solar input at the lake site. In early winter the ridge site receives more solar irradiance than the lake site, but by early spring they receive the same amount, and by late spring the lake site receives significantly more solar radiation than the ridge site. Large solar zenith angles during winter cause the lake site to be shadowed for a significant part of the day, but in spri• [Marks and Dozier, 1979] . Net thermal radiation is Snet,lw = S • lw-(esrrTs4o)
Considerable effort has gone into development of simple models of thermal irradiance from the atmosphere, but most of these are applicable only to clear sky conditions. Cloud Tractable approaches to calculating sensible and latent fluxes have been summarized in textbooks [Fleagle and Businger, 1980; Brutsaert, 1982] . The method we use is adapted from Brutsaert [1982] . This method was used because it can calculate turbulent transfer independent of estimates of net radiation and accounts for variations in wind speed. It is particularly adapted to high-wind loading sites like the ridge. The usual condition for data collection at a remote site is that only one measurement is available for air temperature, humidity, and wind speed and that these may not all be at the same height above the surface. The height above the snow surface will be continually changing as the snow cover accumulates and ablates. Air temperature Ta is measured at height zr, specific humidity q is measured at zq, and wind speed u is measured at z u. The equations below iteratively solve for the friction velocity u*:
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The three most critical terms in the above equations are the wind speed u, the temperature difference between the air and the surface, T a -Ts, and the humidity difference between the air and the surface, q -q s-Turbulent transfer of heat and mass is controlled first by the magnitude of the w•d speed and then by the temperature and humidity gradients between the snow surface and the air. As in calculation of thermal exitance, the snow surface temperature is important, first, in determination of the temperature gradient between the air and the snow cover, and second, because humidity at the snow surface q s is calculated as the saturation humidity at Ts. Because the snow cover is por0us, turbulent exchange is between the atmosphere and the first 15-25 cm of the snow cover. Therefore sensible and latent heat flux were calculated from the surface layer temperature Ts rather than the snow surface skin temperature rso.
Climatic conditions in the Emerald Lake basin, as reported in part 1 of this paper [Marks et al., this issue], showed that while the lake site is significantly less windy than the ridge site, there is seldom a long period of calm conditions at either site. Except under very cold, calm conditions or during storms, the vapor pressure of the air is always less than that of the snow surface. As long as the air temperature is less than 0øC, snow surface layer temperature will track air temperature, so it is unlikely that the temperature difference between the two can be very large. Therefore sensible heat transfer is small, and the net turbulent flux (H + LyE) is negative and dominated by latent heat loss. However, once the air temperature is above 0øC, the snow surface is constrained, and the temperature difference can increase in magnitude, allowing sensible heat flux to increase and net turbulent flux to be smaller and finally to become positive. This is particularly important during spring of the 1986 snow season when air temperatures remained above freezing throughout the diurnal period from early May on. Because the magnitudes of latent and sensible heat fluxes are controlled by the wind speed, they are smaller at the lake site than at the ridge site. The direction (positive toward and negative away from the surface) of these fluxes is controlled by the sign of the temperature and humidity gradients. Latent heat flux is therefore negative at both the ridge and lake sites throughout the year. Sensible heat flux is usually positive at both sites throughout the year and always positive during spring once the air temperature does not go below freezing at night.
Figure 3 presents daily averages of calculated sensible and latent heat transfer for the ridge and lake sites during the 1986 snow season. As expected, the magnitude of turbulent exchange is larger at the ridge site than at the lake site, and in general, latent heat transfer is away from, and sensible heat transfer is toward, the snow surface. What is striking about these calculations is that the latent and sensible transfers tend to mirror each other most of the time. For both to be negative the air must be both colder and less humid than the snow surface. This condition occurs occasionally during winter but does not persist, as the snow surface either cools to the air temperature or the air temper- 
Because the air fraction of the snowpack is always at saturation, and the air fraction of soil is usually at saturation, Though there is nearly a twentyfold increase in the thermal conductivity of the snow when it is corrected for vapor diffusion, this is still a very low conductivity; it is more than an order of magnitude lower that the corrected thermal conductivity of the soil.
Heat transfer between the soil and the snowpack was computed for the ridge and lake sites for the 1986 snow season. Included in Table 4 is a summary of these calculations for the 1986 snow season. The flux is small and slightly positive during the snow season at both sites. Over the snow season this represents an average flux of less than 3 W m -2 at the ridge site and less than 4 W m -2 at the lake site. This flux is slightly larger at the lake site during winter than at the ridge site, but by spring both sites are the same. Though the flux is small, it will generate melt at the base of the snow cover once the temperature of the lower snow cover layer is 0øC. This had occurred by February at both sites, and as shown in Table 4 , significant base melt occurred at both sites. The magnitude of soil heat flux decreased from midMarch until the end of the snow season because liquid water percolation into the soil removes most of the temperature gradient, reducing base melt. Davis [1980] , utilizing a similar but more detailed model at several sites in the alpine Sierra Nevada, got the same result because temperature gradients were always small. In February, base melt is equivalent in magnitude to evaporation at the lake site and to nearly half the magnitude of evaporation at the ridge site. However, qbase diminishes each month after that, until it is only 15-20% of the magnitude of evaporative loss by May. Base melt represents 100% of total snowmelt qrnelt during February, March, and April at the ridge site. At the lake site, base melt is 100% of total snowmelt only during February, with surface melt beginning to contribute as early as March. The contribution of base melt during the snowmelt months of May, June, and July was insignificant at both sites. 
SNOW COVER ENERGY AND MASS BALANCE
The energy transfer terms discussed in previous sections determine the thermal condition and the ablation rates for the seasonal snow cover. To precisely specify the energy and mass balance of the snow cover requires a coupled energy balance model such as that described by Anderson [1976] . This was beyond the scope of this investigation, but an effort was made to independently estimate the magnitude of each form of energy transfer. Table 4 presents a summary of the energy terms estimated independently during the 1986 snow season, for the ridge and lake sites, and the mass balance of the snow cover derived from the estimated energy fluxes. Table 5 presents a summary of the relative magnitudes of energy transfer, and Table 6 presents a summary of the relative magnitudes of mass flux at both sites.
In general, A Q is greater in magnitude at the ridge site throughout the snow season, though this difference is not large. At the ridge site the transition from a negative to a positive AQ occurs in late April or early May, while at the lake site this transition occurs in late February. The critical terms in determining the energy are net radiation S ne t and net turbulent transfer H + L•,E. As shown in Table 5 , turbulent transfer is more important at the ridge site than at the lake site throughout the snow season. It dominates the energy balance through April at the ridge site but dominates only until February at the lake site, which corresponds to the transition of AQ from negative to positive at both sites. The importance of energy transfer by conduction from the soil, (7, is slightly greater at the lake site, but it is always small and is especially unimportant during spring melt. Its significance is primarily in generation of base melt during late winter and early spring. Advected energy transfer M has no significant effect on the magnitude of AQ at either site.
The absolute uncertainty of the energy transfer terms presented cannot be determined in the field. However, an estimate of the uncertainty is presented in Table 7 Estimates of snowmelt runoff shown in Table 6 are based on measured flow volumes from the outflow of Emerald Lake. The basin is a granite cirque, with virtually no soil, and has no appreciable subsurface storage or base flow. In summer, rainfall on the watershed is measured in the outflow discharge within an hour or two. Effectively all the discharge during the snow season is from snowmelt. That the measured discharge during the snow season was 83% of the measured precipitation input suggests that the volume of evaporative loss should be of the order of 500 mm of water during the 1986 snow season, which is verified by both the relative magnitude and the volume of calculated evaporation from the snow cover. Though the data indicate that the ridge and lake do not differ greatly in terms of energy transfer, we observed many locations in the watershed that either receive more energy early in the season or remain colder longer into the spring. The snow cover at these sites either ablated earlier or persisted throughout the summer. This is reflected in the snowmelt runoff volumes, which show initial melt occurring in March and April and This is especially true during spring melt when significant melt may occur only during half of the diurnal cycle.
To evaluate changes in the relative magnitudes of net radiation and net turbulent transfer we must consider that net radiation is computed using T so while net turbulent transfer is computed using Ts. During melting conditions this is insignificant because snow temperatures are constrained to be 0øC. 
